The light absorption by graphene is calculated considering the layered geometry of our device.
Estimation of absorbed light power by graphene
The light absorption by graphene is calculated considering the layered geometry of our device.
For the infrared light (10.6 µm) of the CO 2 laser, the photon wavelength is much larger than the thickness of Nichrome (NiCr) top gate (20 nm) and SiO 2 dielectric film (~ 600 nm). Using thin film approximation, the ratio of electric fields at the graphene plane E t and of the incident light E 0 is given by where n air = 1, n sub = 3.5 are refractive indexes of air and silicon substrate, and y NiCr = Z 0 /R □ is NiCr admittance with Z 0 = 377Ω (impedance of free space) and R □ ~ 200 Ω (sheet resistance of NiCr). Graphene absorption is given by where A g is bilayer graphene absorption in free space [S1,S2] . For photons of shorter wavelength interference effects become important. In this case, we take into account the thickness and dielectric constants of each layer to find the electric field in the graphene plane [S3] . Similar methods have been used before to calculate the optical contrast of graphene on substrates [S4] . For the data in Fig.3 , the light wavelength is 0.658 µm; the dielectric constants are n Si = 3.8392 + 0.0160i, n SiO2 = 1.4563 [S5] , n NiCr =1.8355 + 3.7643i [S6] ; the thickness of SiO 2 is 300 nm below graphene and 250 nm above graphene, and the thickness of NiCr is 20 nm. The electric field at distance z from the NiCr/SiO 2 interface inside SiO 2 is given by with ,
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(the electric fields of light at NiCr/SiO 2 interface due to transmission through NiCr and reflection from Si/SiO 2 interface; d = 550 nm), and (phase shift due to light propagation). Here NiCr admittance is given by . For our sample 2, z = 250 nm and absorption = 0.6%.
Electric Joule heating of DGBLG
We performed electric Joule heating response measurements to compare with photo response and to extract heat resistance between electrons and phonons in graphene. This is done by passing both dc and ac currents in the device, where I ac is the root mean square In the measurements ( shown in Fig. s1c , dR/dP is a unique function of R; this indicates that R is a function of T alone, and dR/dP = (dR/dT)(dT/dP); i.e. R does not depend explicitly on P which might occur due to other non-linearities in the system. Figure 4 of the main text replots data in Fig.s1 in log-log scale as a function of temperature.
We also note that in these four-probe measurements, the signal goes to 0 at zero I dc and is symmetric with respect to positive and negative I dc . This is true for the optical response as well (see left inset of Fig.3 ), suggesting that photovoltaic effects or rectification at contacts have little impact in the devices studied here.
Further discussions of the mechanism of the photo response
As discussed in the main text, the photo response is dominated by the bolometric effect at low T.
The excess of optical signal as compared with electrical response (see Fig.3 ) is hard to interpret within the scope of the current manuscript. Here we provide some further analysis that indicates that the simple photoconductive model (i.e. each photon creates one electron-hole pair which enhances conduction) is inconsistent with our experimental observations in several ways.
If it is assumed that the signal in Fig.3 is photoconductive, the observed signal size would correspond to a photo-excited carrier recombination time of 3 µs at 5 K (using equation (1) with where is the photon flux absorbed by the device). This is more than 3 orders of magnitude slower than the gigahertz operation we observed in Furthermore, photoconductive signals are expected to be linear in laser power which determines the number of photo-excited carriers. This is in contradiction with our observation in Fig.5, where it was shown that the photo response depends not only on total number of photons absorbed, but also on light power.
